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©  The  present  invention  is  the  use  of  coupled 
quantum  wells  (122,  126)  in  the  active  region  of  a 
semiconductor  laser  (30)  to  modulate  the  frequency 
and  amplitude  of  the  light  output  (50)  of  the  laser 
(30).  In  a  particular  embodiment  of  the  present  in- 
vention  the  coupled  quantum  wells  (122,  126)  are 
contained  in  a  graded  index  (115,  130)  of  refraction 
semiconductor  double  heterostructure  laser  (30).  The 
active  region  (120)  of  this  tunable  laser  (30)  consists 
of  two  quantum  wells  (126,  122)  having  a  width  of 
approximately  5  nm  or  less  which  are  separated  by 
a  barrier  layer  (124)  having  a  width  of  approximately 
2  nm  or  less.  The  quantum  well  material  is  intrinsic 
GaAs  and  the  barrier  layer  is  AlxGai-xAs  wherein 
x  =  .23.  The  active  region  (120)  is  surrounded  by  the 
double  heterostructure  in  which  one  side  is  doped  p- 
type  and  the  second  side  is  doped  n-type.  The 
resulting  laser  (30)  is  a  p-i-n  type  structure.  A  re- 
verse  bias  with  respect  to  the  flat  band  voltage  of 
the  p-i-n  structure  is  applied  across  the  p-i-n  struc- 
ture  which  modulates  both  the  frequency  and  the 
intensity  of  the  laser  output  (50).  The  tunable  laser 
(30)  is  pumped  with  a  variety  of  conventional  means, 
including  both  electrical  and  optical  (40)  pumping. 
The  modulation  of  the  wavelength  is  approximately 
linear  over  a  1  .5  volt  operating  range.  A  tunable  laser 

(30),  such  as  the  present  invention,  having  an  output 
wavelength  modulated  by  an  electric  field  is  useful  in 
the  field  of  optical  communications  and  computing. 
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FIELD  OF  THE  INVENTION 

This  invention  relates  generally  to  the  field  of 
semiconductor  devices.  In  particular,  this  invention 
relates  to  a  semiconductor  laser  device.  More  spe- 
cifically,  this  invention  relates  to  a  coupled  quan- 
tum  well  laser  capable  of  having  the  output  light 
wavelength  and  amplitude  tuned  by  an  electric 
field. 

BACKGROUND  OF  THE  INVENTION 

The  use  of  optical  communications  promises  to 
significantly  enhance  communications  and  comput- 
ing  power.  This  is  because  more  information  can 
be  encoded  when  transmitting  light  than  when 
transmitting  electrical  signals.  In  order  to  represent 
(or  encode  data)  and  transmit  data  with  light,  the 
transmitted  light  signal  must  be  controlled  so  that 
the  receiver  can  detect  the  information  being  sent. 
Controlling  a  light  signal  means  transmitting  a  light 
signal  with  a  very  well  defined  wavelength  and 
being  able  to  modulate  the  transmitted  light 
wavelength.  Quantum  well  semiconductor  lasers 
are  very  useful  for  optical  communications  because 
they  are  small  and  emit  light  which  has  a  well 
defined  wavelength.  Therefore,  the  laser  can  be 
mounted  next  to  a  small  optical  fiber  transmission 
guide  and  directly  emit  light  having  a  defined 
wavelength  into  the  guide. 

The  problem  with  semiconductor  lasers  in  op- 
tical  communications  is  that  the  emitted  radiation 
frequency  cannot  be  quickly  tuned  or  significantly 
modulated.  This  is  important  in  optical  communica- 
tions  because  the  amount  of  data  which  can  be 
transmitted  over  a  single  guide  dramatically  in- 
creases  when  the  data  can  be  encoded  using  dif- 
ferent  frequencies  of  light.  The  frequency  of  light 
emitted  from  semiconductor  lasers  depends  upon 
the  relative  positions  of  the  conduction  and  valence 
band  edges  in  the  materials  which  form  the  laser. 
Changing  the  relative  positions  of  the  conduction 
and  valence  bands  typically  requires  changing  the 
temperature  of  the  device  or  exerting  a  mechanical 
pressure  on  the  lattice  structure  of  the  device. 
Applying  these  types  of  physical  conditions  to  the 
laser,  in  order  to  tune  the  frequency  of  light  output, 
is  much  slower  than  is  required  in  order  to  encode 
data  for  optical  transmission.  Therefore,  semicon- 
ductor  lasers  typically  cannot  encode  data  using 
the  frequency  of  the  emitted  light  and,  as  a  result, 
the  capacity  for  data  transmission  with  a  semicon- 
ductor  laser  over  a  transmission  guide  is  signifi- 
cantly  decreased. 

Generally,  light  is  emitted  from  a  semiconduc- 
tor  structure  due  to  an  electron  making  a  transition 
from  the  conduction  band  of  the  semiconductor 
material  to  the  valence  band  and  losing  energy  in 

the  process.  The  lost  energy  is  equal  to  the  dif- 
ference  in  energy  between  the  conduction  band 
and  valence  band  edges  plus  the  energy  above 
and  below  the  band  edges  for  any  one  particular 

5  electron  transition.  The  energy  lost  by  an  electron 
when  making  the  transition  from  the  conduction 
band  to  the  valence  band  is  emitted  from  the 
semiconductor  as  light.  The  light  has  a  frequency 
which  is  proportional  to  the  lost  energy  and  a 

io  wavelength  which  is  inversely  proportional  to  the 
lost  energy.  Since  electrons  making  the  transition 
from  the  conduction  band  to  the  valence  band 
generally  have  many  different  values  of  lost  en- 
ergy,  the  emitted  light  does  not  have  a  single 

75  wavelength  or  even  a  narrow  band  of  wavelengths. 
Typically,  the  radiation  emitted  from  a  semiconduc- 
tor  has  a  broad  spectrum  of  wavelengths. 

In  contrast  to  typical  semiconductor  light  emit- 
ting  devices,  the  semiconductor  laser  emits  light 

20  having  a  narrow  band  of  wavelengths.  This  is  be- 
cause  many  electrons  make  transitions  between 
well  defined  energy  bands.  The  energy  bands  are 
well  defined  because  lasing  at  one  wavelength 
tends  to  suppress  the  lasing  at  other  wavelengths. 

25  The  laser  output  is  useful  but  the  use  is  limited 
because  the  range  of  output  wavelengths  is  limited. 
The  semiconductor  laser  has  a  limited  range  of 
output  wavelengths  because  the  wavelength  is  con- 
trolled  by  the  material  which  makes  up  the  laser. 

30  One  way  in  which  to  modify  the  output  wavelength 
of  a  laser  fabricated  with  a  particular  material  is  to 
make  a  quantum  well  laser.  A  quantum  well  laser 
has  multiple  discrete  conduction  and  valence  states 
whose  energies  depend  on  the  width  of  the  quan- 

35  turn  well.  The  quantum  well  laser  output  light  has  a 
narrow  band  of  wavelengths  which  is  different  than 
the  wavelengths  produced  from  a  typical  semicon- 
ductor  laser  made  from  the  same  material  and  the 
difference  depends  on  the  quantum  well  width.  In 

40  effect,  the  output  of  a  typical  semiconductor  laser 
made  from  a  particular  material  can  be  changed  by 
forming  a  quantum  well  laser  from  the  same  ma- 
terial. 

The  problem  with  both  the  typical  semiconduc- 
45  tor  laser  and  the  quantum  well  laser  is  that  they  are 

not  capable  of  tuning  the  wavelength  of  the  emitted 
light  once  the  laser  is  fabricated.  The  prior  art  has 
attempted  to  solve  this  problem  by  changing  the 
physical  conditions  of  the  quantum  well  laser. 

50  These  types  of  physical  changes  are  too  slow  for 
practical  use  of  the  quantum  well  laser  in  commu- 
nication  applications  as  noted  above.  The  prior  art 
has  also  attempted  to  use  an  applied  electric  field 
to  modulate  both  the  wavelength  and  the  intensity 

55  of  a  quantum  well  laser.  The  proposed  devices 
would  operate  by  modulating  the  optical  transition 
energies  of  a  quantum  well  and  by  changing  the 
number  of  electrons  and  holes  which  recombine  as 

2 
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a  function  of  position  in  a  quantum  well.  The  prob- 
lem  with  the  intensity  modulating  devices  is  that 
the  devices  merely  turned  the  laser  on  or  off. 
Lasing  only  occurred  in  these  devices  when  there 
was  no  electric  field  present  and  the  devices  used 
the  electric  field  to  turn  off  the  laser.  The  problem 
with  single  quantum  well  lasers  which  attempt 
wavelength  modulation  is  that  the  electric  field  re- 
quired  to  shift  the  wavelength  of  the  laser  is  too 
large  for  the  small  shift  which  is  produced.  This  is 
because  the  wavelength  shift  in  a  single  quantum 
well  is  proportional  to  the  square  of  the  electric 
field  and  the  fourth  power  of  the  width  of  the 
quantum  well.  Therefore,  large  changes  in  the  elec- 
tric  field  are  required  to  produce  small  changes  in 
the  wavelength. 

OBJECTS  OF  THE  INVENTION 

It  is  an  object  of  the  present  invention  to  manu- 
facture  an  optical  modulator  and  an  optical  switch. 

It  is  a  further  object  of  the  present  invention  to 
manufacture  a  semiconductor  laser  having  a  fre- 
quency  modulated  light  output. 

It  is  still  another  object  of  the  present  invention 
to  manufacture  a  semiconductor  laser  having  a 
frequency  modulated  light  output  wherein  the  light 
frequency  is  modulated  over  a  wide  range. 

It  is  still  a  further  object  of  the  present  inven- 
tion  to  manufacture  a  semiconductor  laser  having  a 
frequency  modulated  light  output  wherein  the  light 
frequency  is  modulated  with  an  electric  field  over  a 
wide  range  of  frequencies. 

It  is  still  a  further  object  of  the  present  inven- 
tion  to  manufacture  a  semiconductor  laser  having  a 
frequency  modulated  light  output  wherein  the  light 
frequency  is  modulated  with  a  low  level  electric 
field  over  a  wide  range. 

It  is  still  a  further  object  of  the  present  inven- 
tion  to  manufacture  a  semiconductor  laser  having  a 
frequency  and  amplitude  modulated  light  output 
wherein  the  light  frequency  and  amplitude  is  modu- 
lated  with  a  low  level  electric  field  over  a  wide 
range. 

SUMMARY  OF  THE  INVENTION 

The  present  invention  is  the  use  of  coupled 
quantum  wells  in  the  active  region  of  a  semicon- 
ductor  laser  to  modulate  the  frequency  and  am- 
plitude  of  the  light  output  of  the  laser.  In  a  particu- 
lar  embodiment  of  the  present  invention  the  coup- 
led  quantum  wells  are  contained  in  a  graded  index 
of  refraction  semiconductor  double  heterostructure 
laser.  The  active  region  of  this  tunable  laser  con- 
sists  of  two  quantum  wells  having  a  width  of  ap- 
proximately  5  nm  or  less  which  are  separated  by  a 
barrier  layer  having  a  width  of  approximately  2  nm 

or  less.  The  quantum  well  material  is  intrinsic  GaAs 
and  the  barrier  layer  is  AlxGai-xAs  wherein  x  =  .23. 
The  active  region  is  surrounded  by  the  double 
heterostructure  in  which  one  side  is  doped  p-type 

5  and  the  second  side  is  doped  n-type.  The  resulting 
laser  is  a  p-i-n  type  structure.  A  reverse  bias  with 
respect  to  the  flat  band  voltage  of  the  p-i-n  struc- 
ture  is  applied  across  the  p-i-n  structure  which 
modulates  both  the  frequency  and  the  intensity  of 

io  the  laser  output.  The  tunable  laser  is  pumped  with 
a  variety  of  conventional  means,  including  both 
electrical  and  optical  pumping.  The  modulation  of 
the  wavelength  is  approximately  linear  over  a  1.5 
volt  operating  range.  A  tunable  laser,  such  as  the 

is  present  invention,  having  an  output  wavelength 
modulated  by  an  electric  field  is  useful  in  the  field 
of  optical  communications  and  computing. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 
20 

Fig.  1 
illustrates  an  embodiment  of  the  present  inven- 
tion. 
Fig.  2 

25  illustrates  the  physical  structure  of  a  tunable 
semiconductor  laser  according  to  the  present 
invention. 
Fig.  3 
illustrates  an  alternate  physical  structure  of  the 

30  active  region  of  a  tunable  semiconductor  laser 
according  to  the  present  invention. 
Fig.  4 
illustrates  the  band  diagram  for  the  tunable 
semiconductor  laser  according  to  the  present 

35  invention. 
Figs.  5(a)  and  5(b) 
illustrate  the  effect  of  an  electric  field  on  the 
active  region  of  the  tunable  semiconductor  laser 
according  to  the  present  invention. 

40  Fig.  6 
illustrates  the  effect  of  an  electric  field  on  the 
output  laser  spectrum  of  the  tunable  semicon- 
ductor  laser  according  to  the  present  invention. 
Fig.  7 

45  illustrates  the  preferred  embodiment  of  the 
present  invention. 
Fig.  8 
illustrates  an  alternate  embodiment  of  the 
present  invention. 

50 
DESCRIPTION  OF  THE  PREFERRED  EMBODI- 
MENT 

Fig.  1  illustrates  an  embodiment  of  the  present 
55  invention.  Fig.  1  illustrates  a  tunable  semiconductor 

laser  and  a  conventional  laser  wherein  the  light 
output  of  the  conventional  laser  is  the  light  input  of 
the  tunable  semiconductor  laser.  The  conventional 
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laser  20  emits  a  monochromatic  light  40  having  a 
wavelength  of  approximately  760  nm.  This  light  is 
focused  on  a  region  22  of  the  semiconductor  laser 
30  which  is  approximately  10  microns  wide  and 
which  runs  the  length  of  the  semiconductor  laser 
30.  The  structure  and  operation  of  conventional 
lasers,  such  as  laser  20,  is  well  known  in  the  art. 
The  conventional  laser  20  pumps  light  energy  into 
the  tunable  semiconductor  laser  30.  The  tunable 
semiconductor  laser  30  converts  the  light  energy 
from  the  conventional  laser  into  a  light  output  50. 
The  light  output  50  has  a  wavelength  and  am- 
plitude  which  is  modulated  by  a  voltage  applied 
across  the  semiconductor  laser  30.  The  semicon- 
ductor  laser  30  is  a  multilayer  semiconductor  struc- 
ture  in  which  an  intrinsic  region  60  is  interposed 
between  a  p-type  layer  32  and  an  n-type  layer  36. 
The  p-type  layer  32  has  a  high  doping  concentra- 
tion  so  that  a  good  ohmic  contact  39  can  be  made 
to  it.  Ohmic  contacts  are  made  to  both  the  p-type 
and  n-type  regions  and  a  voltage  source  24  is 
connected  to  the  semiconductor  laser  30  through 
those  contacts.  The  applied  voltage  modifies  the 
built  in  electric  field  across  the  p-i-n  structure  of 
the  laser  structure  30.  The  voltage  source  24  is 
used  to  form  an  electric  field  across  the  region  60 
to  modulate  the  frequency  and  intensity  of  the 
output  light  50. 

The  tunable  laser  30  comprises  a  cap  p-type 
region  32  of  GaAs  doped  to  approximately  1020  p 
type  atoms  per  cubic  centimeter  (cm3)  and  is  ap- 
proximately  50  nm  thick.  Region  32  is  connected  to 
a  voltage  source  24.  Region  60  is  interposed  be- 
tween  the  cap  p-type  region  32  and  the  n-type 
region  36.  N-type  region  36  is  a  GaAs  layer  which 
is  doped  with  an  n-type  dopant  to  approximately 
1018/cm3  and  is  connected  to  the  ground  of  the 
voltage  source  24.  The  length  (L)  of  the  tunable 
laser  30  is  approximately  300  microns  and  the 
height  (H)  is  approximately  140  microns.  The  light 
emitting  surface  38  and  its  opposing  surface  37  are 
perpendicular  to  the  plane  of  the  active  region.  The 
light  emitting  surfaces  37  and  38  are  facets  which 
are  highly  reflective.  The  surfaces  of  the  laser 
which  do  not  emit  light  are  not  necessarily  per- 
pendicular  to  the  plane  of  the  active  layer  and  may 
be  irregularly  shaped.  The  active  region  is  formed 
of  multiple  coplanar  layers  of  materials  having  spe- 
cific  properties.  The  properties  of  the  material  lay- 
ers  in  the  semiconductor  structure  and  their  inter- 
action  with  the  applied  operating  conditions,  deter- 
mine  the  properties  of  the  light  output  50.  The 
output  light  50  has  a  narrow  band  of  wavelengths 
(similar  to  output  40)  wherein  the  wavelength  and 
intensity  of  the  output  light  50  is  modulated  by  the 
value  of  the  applied  bias  24. 

Figs.  2a  and  2b  illustrate  in  detail  the  vertical 
structure  of  the  tunable  laser  30.  Fig.  2a  illustrates 

that  the  region  60  is  interposed  between  the  p-type 
region  32  and  the  n-type  region  36.  Cladding  lay- 
ers  110  and  115  are  interposed  between  the  active 
region  120  and  the  p-type  region  32.  Cladding 

5  layers  130  and  135  are  also  interposed  between 
the  active  layer  120  and  the  n-type  region  36.  The 
cladding  layers  are  layers  of  AlxGai-xAs  wherein  x 
ranges  between  0  and  1  and  where  the  AlxGai-xAs 
is  doped  n  or  p-type.  The  first  layer  110  is  a  600 

io  nm  layer  of  AlxGai-xAs  wherein  x  =  .63  and  which 
is  doped  p-type  to  approximately  1018/cm3.  The 
second  layer  115  is  an  AlxGai-xAs  layer  wherein  x 
gradually  decreases  from  .63  to  .23,  the  layer  is 
150  nm  thick,  and  is  doped  p-type  to  approxi- 

15  mately  5  x  1017/cm3.  The  Al  content  in  layer  115 
decreases  in  a  piecewise  linear  fashion  but  could 
also  decrease  in  a  parabolic  or  other  fashion. 

Layer  115  is  interposed  between  the  active 
region  120  and  the  layer  110.  Fig.  2b  illustrates 

20  that  the  active  region  120  comprises  three  layers. 
The  first  122  and  third  126  layers  of  the  active 
region  are  undoped  (or  intrinsic)  GaAs  layers. 
These  layers  are  approximately  5  nm  thick  but 
could  range  from  2  to  6  nm.  The  second  layer  124 

25  is  an  undoped  AlxGai-xAs  layer  in  which  x  =  .23. 
This  layer  is  approximately  2  nm  thick  but  could 
range  from  a  monolayer  (approximately  0.3  nm)  to 
3.5  nm  thick.  The  width  of  the  second  layer  124  is 
related  to  the  width  of  the  first  and  third  layers.  For 

30  example,  when  the  first  and  third  layers  are  4  nm 
thick,  the  second  layer  124  ranges  from  a  mon- 
olayer  to  3.5  nm  thick.  When  the  first  and  third 
layers  are  5  nm  thick,  the  second  layer  124  ranges 
from  a  monolayer  to  3  nm  thick.  The  maximum 

35  thickness  of  the  second  layer  decreases  with  an 
increasing  thickness  for  the  first  and  third  layers. 

Fig.  2b  illustrates  that  the  active  region  120  has 
two  quantum  wells  separated  by  a  thin  barrier 
layer.  The  active  region  120  is  adjacent  to  layer 

40  130  which  is  a  1,500  Angstrom  AlxGai-xAs  layer  in 
which  x  gradually  increases  from  .23  to  .63.  The 
increase  in  the  aluminum  concentration  is  piece- 
wise  linear  but  could  also  be  parabolic  or  some 
other  fashion.  The  layer  130  is  doped  n-type  to  a 

45  concentration  of  5  x  1017/cm3.  The  graded  con- 
centration  of  aluminum  in  layers  115  and  130  vary 
the  index  of  refraction  of  those  layers.  The  graded 
index  of  refraction  of  layers  115  and  130  confines 
light  emitted  from  the  active  region  to  the  area 

50  between  layers  135  and  110.  Layer  130  is  inter- 
posed  between  layer  135  and  the  active  region 
120.  Layer  135  is  an  AlxGai-xAs  layer  in  which 
x  =  .63.  Layer  135  is  0.8  urn  thick  and  doped  n- 
type  to  a  concentration  of  1018/cm3.  Layer  135  is 

55  interposed  between  layer  130  and  the  GaAs  layer 
36. 

Fig.  3  illustrates  that  the  active  region  120 
could  also  be  formed  from  pairs  of  quantum  wells. 

4 
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The  cladding  layers  115  and  130  are  above  and 
below  respectively  pairs  of  coupled  quantum  wells. 
Each  pair  of  quantum  wells  are  formed  from  two 
layers  of  intrinsic  GaAs  having  a  thickness  ranging 
from  2  to  6  nm.  The  two  layers  of  GaAs  are 
separated  by  a  layer  of  AlxGai-xAs  having  a  thick- 
ness  ranging  between  35  and  the  thickness  of  a 
monolayer.  An  isolation  layer  128  separates  the 
pair  of  quantum  wells  formed  by  layers  126,  124, 
and  122  from  the  pair  of  quantum  wells  formed  by 
layers  126',  124',  and  122'.  The  isolation  layer  is,  in 
effect,  a  very  thick  barrier  layer.  The  isolation  layer 
128  has  a  thickness  of  at  least  approximately  10 
nm.  The  material  which  forms  the  isolation  layer 
128  is  the  same  material  which  forms  the  barrier 
layer  between  individual  quantum  layers  but  can 
also  be  any  other  epitaxially  compatible  material 
that  acts  as  a  barrier  between  pairs  of  coupled 
quantum  wells.  In  this  case  that  material  is  intrinsic 
AlxGai-xAs  wherein  x  =  .23. 

Figs.  4  and  5  more  fully  illustrate  the  operation 
of  the  tunable  laser  30.  Fig.  4  illustrates  the  con- 
duction  and  valence  bands  for  the  tunable  laser  30 
when  an  external  voltage  has  been  applied  which 
compensates  for  the  built  in  voltage  of  the  struc- 
ture.  This  condition  is  also  called  the  flat  band 
condition.  The  external  voltage  required  to  reach 
flat  band  conditions  in  this  structure  is  approxi- 
mately  1.5  volts  applied  to  the  p-type  region  32 
with  respect  to  the  n-type  region  36.  The  active 
region  of  the  tunable  laser  30  consists  of  layers 
122,  124,  and  126.  These  layers  are  confined  with- 
in  a  double  heterostructure  graded  index  of  refrac- 
tion  (GRINSCH)  type  structure. 

The  GRINSCH  type  structure  surrounding  the 
active  region  is  well  known  in  the  art  and  is  only 
briefly  explained  here.  The  difference  410  between 
the  lower  edge  of  the  conduction  band  (Ec)  and  the 
upper  edge  of  the  valence  band  (eV)  in  the  p-type 
GaAs  is  approximately  1.43  eV  at  room  tempera- 
ture.  This  difference,  called  the  bandgap,  is  also 
approximately  1.43  eV  on  the  n-type  GaAs  layer 
36.  This  difference,  increases  to  approximately  2.0 
eV  in  the  layers  110  and  135.  This  increase  in 
bandgap  creates  an  energy  wall  that  keeps  car- 
riers,  such  as  electrons  and  holes,  which  are  be- 
tween  layers  110  and  135  from  moving  into  layers 
32  or  36.  Carriers  which  are  injected  or  otherwise 
placed  between  layers  110  and  135  are  confined  to 
the  region  between  layers  110  and  135  because 
they  do  not  have  enough  energy  to  surmount  the 
energy  wall. 

The  bandgap  linearly  decreases  in  layers  130 
and  115,  as  a  function  of  depth  moving  toward  the 
active  region,  because  the  aluminum  concentration 
in  layers  115  and  130  linearly  decreases.  When  the 
aluminum  concentration  stays  constant  as  a  func- 
tion  of  depth  (d)  in  the  laser  structure,  then  the 

bandgap  is  constant  as  a  function  of  depth.  Layers 
122  and  126  have  lower  bandgaps  than  the  rest  of 
the  laser  structure  because  layers  122  and  126  are 
undoped  GaAs  layers  which  does  not  have  alu- 

5  minum  added.  Layer  124  is  an  A^Ga^As  com- 
position  wherein  x  is  .23  and  which  has  a  bandgap 
similar  to  the  quantum  well  edges  of  layers  115 
and  130.  Fig.  4  illustrates  that  layers  122,  124  and 
126  create  two  quantum  wells  with  carriers  con- 

io  fined  to  those  quantum  wells  by  layers  115  and 
130. 

Confining  carriers  to  the  area  which  contains 
the  quantum  wells  is  important  to  quantum  well 
lasers  because  lasing  action  occurs  only  when  a 

is  threshold  amount  of  light  is  released  from  carrier 
transitions  between  conduction  states  and  valence 
states  in  a  quantum  well.  This  means  that  a  mini- 
mum  amount  of  carriers  must  be  present  in  the 
conduction  and  valence  states  of  the  quantum 

20  wells  to  get  lasing  action.  Many  carriers  will  recom- 
bine  with  other  energy  states  in  the  semiconductor 
lattice  structure  and  will  not  be  present  in  the 
conduction  and  valence  states  of  the  quantum  well 
if  there  is  no  confinement.  As  a  result,  lasing  action 

25  will  not  occur  because  there  are  not  enough  car- 
riers  in  the  quantum  well  conduction  and  valence 
states.  The  lasing  threshold  is  the  minimum 
amount  of  current  which  has  to  be  injected  into  the 
quantum  well  to  get  lasing  action.  The  lasing 

30  threshold  is  decreased  when  the  energy  wall  due 
to  layers  110  and  135  is  increased.  This  is  because 
when  carriers  are  injected  into  the  quantum  well, 
fewer  have  enough  energy  to  surmount  the  energy 
wall  and  so  more  are  available  for  light  production. 

35  Similarly,  the  lasing  threshold  of  the  quantum  well 
laser  is  decreased  when  the  temperature  of  the 
device  is  decreased.  Again  this  is  because  fewer 
carriers  have  the  energy  to  surmount  the  energy 
wall.  Therefore,  varying  the  temperature  of  the  op- 

40  eration  of  the  laser  or  varying  the  height  of  the 
energy  wall  by  using  different  materials  for  layers 
110  or  135  (such  as  a  different  amount  of  alu- 
minum  in  the  AIGaAs  composition)  merely  en- 
hances  the  efficiency  of  the  device  but  does  not 

45  change  the  manner  in  which  the  device  operates. 
When  light  is  emitted  from  the  quantum  well 

structure,  the  light  must  be  transmitted  from  the 
laser  device  30.  The  quantum  wells  are  interposed 
between  graded  index  of  refraction  layers  115,  and 

50  130  and  the  graded  index  of  refraction  layers  are 
interposed  between  two  uniform  cladding  layers 
110  and  135.  The  index  of  refraction  of  both  the 
graded  and  uniform  index  of  refraction  layers  is 
less  than  the  index  of  refraction  for  the  active 

55  region.  Therefore,  the  light  generated  in  the  active 
region  120  tends  to  travel  along  and  within  the 
active  region  because  of  the  change  in  the  index  of 
refraction  between  the  cladding  layers  and  the  ac- 

5 
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tive  region  120.  The  width  of  the  active  layer  is 
such  that  there  is  sufficient  overlap  between  it  and 
the  optical  mode  determined  by  the  cladding  lay- 
ers.  In  a  GRINSCH  type  structure,  the  active  layer 
can  be  less  than  10  nm.  The  optical  cavity  neces- 
sary  for  laser  action  is  provided  by  two  cleaved 
facets,  37  and  38,  as  shown  in  Fig.  1.  These  facets 
could  also  be  provided  by  etching  alone  or  by 
adding  reflective  coatings  on  surfaces  which  have 
been  either  cleaved  or  etched.  The  remaining  two 
surfaces,  33  and  35  are  non-mirror  surfaces  which 
cannot  sustain  lasing  action  in  a  direction  approxi- 
mately  perpendicular  to  surfaces  33  and  35. 

Fig.  5  illustrates  the  effect  of  an  electric  field 
on  the  quantum  wells  of  the  present  invention.  Fig. 
5(a)  illustrates  the  valence  and  conduction  bands 
for  the  active  region  of  the  tunable  laser  30  when 
there  is  no  electric  field  acting  on  the  active  region. 
Fig.  5(b)  illustrates  the  effect  of  the  electric  field  on 
the  active  region  of  the  tunable  laser  30.  Carriers  in 
a  quantum  well  exist  in  discrete  energy  states.  An 
energy  state  in  a  single  quantum  well  becomes  two 
energy  states  when  two  quantum  wells  have  a  thin 
enough  energy  barrier  535  between  them.  When 
two  quantum  wells  are  separated  by  a  thin  enough 
barrier  to  cause  two  distinct  energy  states  to  be 
generated  from  the  single  energy  state  in  a  single 
quantum  well,  the  quantum  wells  are  coupled.  Fig. 
5(a)  illustrates  the  probability  function  of  the  exis- 
tence  of  carriers  for  each  energy  state.  Probability 
function  520  represents  the  probability  of  an  elec- 
tron  being  found  in  symmetric  energy  state  540  as 
a  function  of  the  position  in  the  quantum  wells.  The 
symmetric  state  is  the  lower  of  the  two  energy 
states  created  when  quantum  wells  are  coupled. 
Probability  function  530  plots  the  probability  of  an 
electron  existing  in  the  antisymmetric  energy  state 
545  as  a  function  of  the  position  in  the  quantum 
wells.  The  antisymmetric  state  is  the  higher  of  the 
two  energy  states  created  when  quantum  wells  are 
coupled.  Energy  state  545  is  higher  than  energy 
state  540  and  no  energy  states  exist  between  540 
and  545.  Electrons  having  energy  state  540  or  545 
can  be  found  in  either  quantum  well  because  the 
electrons  tunnel  through  the  energy  barrier  535  due 
to  the  narrow  width  of  energy  barrier  535.  Electrons 
from  energy  state  540  recombine  with  holes  in  the 
valence  states  of  the  quantum  well  and  give  off 
light  energy  (a  photon)  510  in  the  recombination 
process.  There  are  two  valence  states  at  energy 
state  550  which  substantially  overlap  when  the  ap- 
plied  field  is  zero.  Similarly,  the  valence  state  prob- 
ability  distribution  555  has  an  overlapping  probabil- 
ity  distribution  function  when  no  electric  field  is 
applied. 

Fig.  5(b)  illustrates  that  when  an  electric  field 
on  the  order  of  15  kilo-volts  per  centimeter  acts  on 
the  structure,  the  conduction  and  valence  probabil- 

ity  distribution  functions  change.  First,  the  energy 
difference  between  the  symmetric  conduction 
states  540  and  antisymmetric  conduction  states 
545  becomes  greater.  Also,  the  symmetric  valence 

5  states  553  and  antisymmetric  valence  states  550 
separate,  with  their  associated  probability  distribu- 
tions  (558  and  555  respectively).  Electrons  in  the 
symmetric  conduction  state  540  become  localized 
in  the  right  (R)  quantum  well  but  still  have  a  prob- 

io  ability  distribution  which  extends  into  the  left  (L) 
quantum  well.  Similarly,  electrons  in  the  antisym- 
metric  conduction  state  545  become  localized  in 
the  left  quantum  well  with  a  distribution  extending 
into  the  right  quantum  well.  Further,  holes  in  va- 

15  lence  state  553  are  localized  in  the  right  quantum 
well,  while  holes  in  valence  state  550  are  localized 
in  the  left  quantum  well. 

Carriers  in  a  particular  energy  state  migrate 
between  quantum  wells  because  of  tunnelling  ac- 

20  tion  through  the  energy  barrier  535.  Both  electrons 
and  holes  tunnel  through  energy  barrier  535.  Elec- 
trons  tunnel  more  readily  through  the  energy  bar- 
rier  as  compared  to  holes  because  electrons  have 
a  much  smaller  effective  mass.  The  probability  of 

25  tunneling  between  quantum  wells  is  proportional  to 
e-vmd  wherein  v  is  the  potential  energy  difference 
between  an  energy  state  and  the  top  of  the  barrier 
layer,  m  is  the  effective  mass,  and  d  is  the  width  of 
the  barrier  layer.  When  the  thickness  of  the  energy 

30  barrier  becomes  too  thick,  holes  having  energy 
state  550  which  are  located  in  the  right  quantum 
well  under  flat  band  conditions  cannot  travel  to  the 
left  quantum  well  when  an  electric  field  acts  on  the 
structure.  Similarly,  holes  having  energy  state  553 

35  which  are  located  in  the  left  quantum  well  under 
flat  band  conditions  will  not  travel  to  the  right 
quantum  well  under  the  influence  of  an  electric 
field  if  the  energy  barrier  is  too  thick.  When  the 
electric  field  acts  on  the  structure,  the  effective 

40  energy  barrier  thickness  decreases.  The  reason 
that  holes  are  localized  in  a  single  quantum  well 
when  an  electric  field  is  applied  is  that  a  small 
electric  field  is  sufficient,  given  the  effective  mass 
of  holes,  to  completely  localize  holes  in  one  quan- 

45  turn  well  without  localizing  electrons  in  one  quan- 
tum  well.  The  upper  limit  on  the  energy  barrier 
thickness  for  the  AlxGai-xAs  metallurgy  is  approxi- 
mately  3.5  nm.  This  thickness  of  the  energy  barrier 
also  reduces  the  number  of  electrons  tunnelling 

50  between  quantum  wells  in  the  conduction  states. 
The  reduction  in  tunnelling  modifies  the  probability 
distributions  520  and  530  but  electrons  will  still 
exist  in  energy  states  540  and  545  in  each  quan- 
tum  well  because  some  tunnelling  does  occur  even 

55  though  no  hole  tunnelling  occurs  because  of  the 
thick  energy  barrier  and  the  electric  field. 

Tunnelling  between  quantum  wells  in  a  particu- 
lar  energy  state  is  important  because  this  is  the 
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physical  mechanism  which  allows  the  electric  field 
to  tune  the  frequency  of  the  laser  output.  Light  is 
emitted  from  the  tunable  semiconductor  laser  30 
when  electrons  which  are  mostly  localized  in  one 
quantum  well  (having  some  probability  function  in 
another  quantum  well)  recombine  with  holes  lo- 
calized  in  another  quantum  well  and  in  the  process 
give  off  energy  in  the  form  of  a  photon.  The  fre- 
quency  of  the  photon  is  proportional  to  the  dif- 
ference  in  energy  between  the  conduction  and 
valence  energy  states.  Therefore,  when  an  electron 
from  state  540  recombines  with  a  hole  from  state 
553,  a  photon  512  is  released  with  energy  propor- 
tional  to  the  energy  difference  between  states  540 
and  553.  Similarly,  photons  515  are  also  produced 
from  the  recombination  of  carriers  in  states  540 
and  550.  This  is  because  electrons  are  available  in 
state  540  and  holes  are  available  in  state  550  in  the 
left  quantum  well.  When  there  is  not  a  sufficient 
supply  of  holes  in  state  550  due  to  lack  of  tunnel- 
ling  from  the  right  quantum  well  to  the  left  quantum 
well,  then  fewer  recombinations  between  states 
take  place  and  fewer  photons  515  are  produced. 

Fig.  5(b)  illustrates  that  the  frequency  of  light 
emitted  from  the  tunable  laser  30  is  changed  by 
the  applied  electric  field  because  the  difference  in 
energy  for  transitions  between  energy  states  is 
varied  by  the  electric  field  when  there  are  two 
closely  coupled  quantum  wells.  The  transition  of 
electrons  from  conduction  state  540  to  valence 
state  550  releases  a  different  frequency  of  light 
energy  than  the  transition  from  state  540  to  state 
553.  This  is  because  of  the  difference  in  energy 
between  valence  states  550  and  553.  Two  energy 
states  are  created  for  each  energy  state  in  a  single 
quantum  well  when  two  quantum  wells  are  closely 
coupled.  When  the  coupling  is  close  enough  so 
that  significant  carrier  tunnelling  occurs,  those  new- 
ly  created  energy  states  are  populated  by  electrons 
and  holes  from  adjacent  quantum  wells.  The  in- 
dividual  energy  states  are  adjusted  with  respect  to 
each  other  when  an  electric  field  acts  on  the  struc- 
ture.  Transitions  then  occur  between  the  energy 
states  wherein  the  most  transitions  occur  between 
conduction  and  valence  states  having  the  lowest 
difference  in  energy,  provided  there  is  some  over- 
lap  between  the  probability  distribution  functions  of 
those  states.  Modulation  of  the  electric  field  modu- 
lates  the  energy  difference  between  the  conduction 
and  valence  states.  As  the  difference  between  con- 
duction  and  valence  states  is  modulated,  the 
wavelength  of  light  emitted  is  modulated  because 
the  wavelength  (proportional  to  the  inverse  of  fre- 
quency)  is  proportional  to  the  energy  difference 
between  conduction  and  valence  states. 

The  electric  field  also  modulates  the  intensity 
of  the  emitted  light.  This  is  because  the  electric 
field  modulates  the  distribution  of  electrons  and 

holes  within  the  quantum  well.  As  the  electrons  are 
pushed  to  the  right  in  Fig.  5(b),  the  distribution  of 
electrons  is  closer  to  the  quantum  well  wall  570. 
The  quantum  well  wall  570  is  a  center  for  non- 

5  radiative  recombination.  Therefore,  as  more  car- 
riers  are  pushed  into  the  vicinity  of  the  wall  570, 
more  non-radiative  recombination,  as  well  as  in- 
creased  tunneling  or  thermonic  emission,  takes 
place  and  less  light  is  emitted.  Similarly,  holes  in 

io  Fig.  5(b)  are  pushed  to  the  left  to  wall  580  and 
recombine  in  a  non-radiative  process  to  reduce  the 
amount  of  light  emitted  by  the  structure.  These 
non-radiative  processes  are  known  in  the  art  and 
are  typically  temperature  dependent.  It  is  possible 

is  for  the  quantum  well  laser  30  to  take  advantage  of 
them  by  building  quantum  well  walls  570  and  580 
which  have  high  non-radiative  recombination  rates. 
When  a  sufficient  electric  field  acts  on  the  structure 
the  lasing  action  will  be  stopped.  In  this  way  the 

20  laser  30  would  modulate  both  the  wavelength  and 
the  intensity  of  the  output. 

Fig.  6  illustrates  the  modulation  of  the 
wavelength  in  the  tunable  laser's  output  versus  the 
applied  voltage.  Fig.  6  illustrates  the  wavelength 

25  shift  as  a  function  of  applied  voltage  by  plotting  the 
intensity  of  the  laser  spectrum  versus  the  applied 
voltage.  Each  spectrum  plotted  in  Fig.  6  has  sev- 
eral  different  intensity  peaks  corresponding  to  the 
different  longitudinal  cavity  resonances.  When  no 

30  voltage  is  applied  to  the  semiconductor  laser  struc- 
ture  30,  the  doping  of  the  p-i-n  structure  sets  up  a 
built  in  electric  field.  When  a  voltage  of  approxi- 
mately  1  .5  volts  is  applied  to  p-type  region  32  with 
respect  to  n-type  region  36,  the  p-i-n  structure  of 

35  the  laser  30  is  in  the  flatband  condition.  No  electric 
field  acts  on  the  structure  when  the  structure  is  in 
the  flatband  condition.  As  the  voltage  is  decreased 
from  1.5  to  0,  the  band  structure  has  an  electric 
field  applied  to  it  because  the  built  in  field  of  the 

40  laser  structure  is  not  compensated  for  by  the  ap- 
plied  voltage.  The  electric  field  becomes  greater  as 
the  voltage  on  the  device  is  reduced.  As  the  elec- 
tric  field  becomes  greater,  the  wavelength  of  the 
output  of  the  laser  30  increases.  This  wavelength 

45  shift  is  approximately  linear  with  voltage  from  the 
flatband  condition  of  1.5  volts  to  approximately  .3 
volts.  The  total  shift  in  wavelength  is  approximately 
7  nanometers  (nm)  over  this  range.  When  the  volt- 
age  is  decreased  to  below  approximately  .3  volts, 

50  the  linear  shift  starts  to  saturate.  This  means  that 
the  increase  in  wavelength  is  less  for  any  decrease 
in  voltage  below  .3  volts.  This  occurs  because 
when  the  carriers  localize  in  separate  quantum 
wells  due  to  the  electric  field,  they  form  a  dipole 

55  which  produces  a  separate  electric  field  opposing 
the  electric  field  set  up  by  the  built  in  field  of  the 
structure  and  the  applied  voltage.  As  the  applied 
voltage  field  decreases,  the  dipole  and  opposing 
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electric  field  increases  which,  in  turn,  decreases 
the  effect  of  the  applied  electric  field.  As  the  ap- 
plied  voltage  goes  to  0  and  becomes  negative,  the 
electric  field  across  the  active  region  120  increases 
and  the  dipole  becomes  larger.  This  results  in  no 
net  effect  on  the  wavelength  of  the  laser  output. 
When  a  voltage  is  applied  to  the  p-i-n  structure 
which  is  greater  than  that  necessary  to  produce 
flatband  conditions  the  p-i-n  structure  becomes  for- 
ward  biased.  The  electric  field  across  the  active 
region  of  the  p-i-n  structure  is  0  V/cm  under  flat- 
band  conditions.  When  the  p-i-n  structure  is  for- 
ward  biased  significant  current  flows  through  the  p- 
i-n  structure  and  this  prevents  a  significant  voltage 
(beyond  1  .5  volts)  from  developing  across  the  p-i-n 
structure.  Therefore,  no  significant  electric  field  de- 
velops  and  the  wavelength  of  the  emitted  light  is 
not  shifted.  Even  though  the  wavelength  of  the 
emitted  light  is  not  shifted,  there  is  still  lasing 
action.  Light  is  still  being  emitted  at  voltages  above 
flatband,  however,  the  device  is  not  taking  advan- 
tage  of  the  coupled  quantum  wells  and  therefore  no 
wavelength  shift  occurs. 

Fig.  1  illustrates  the  operation  of  an  embodi- 
ment  of  the  present  invention.  The  pump  laser  20 
emits  light  which  is  the  input  to  tunable  laser  30. 
The  light  from  the  pump  laser  excites  electrons 
existing  in  the  valence  states  of  the  quantum  wells 
to  the  conduction  states.  Those  electrons  recom- 
bine  in  the  valence  states  emitting  light  having  a 
wavelength  which  is  dependent  upon  the  electric 
field  acting  across  the  active  layer  of  the  tunable 
laser  30.  The  electric  field  is  modulated  by  the 
voltage  source  24.  The  pump  laser  20  supplies 
enough  carriers  which  recombine  between  the 
quantum  well  states  that  the  tunable  laser  reaches 
the  lasing  threshold.  Light  output  50  is  the  tunable 
laser  output  from  the  laser  30.  The  tunable  laser  30 
is  typically  operated  at  low  temperature  to  reduce 
the  parasitic  effects  of  excess  non-radiative  recom- 
bination  in  the  devices  which  occur  at  higher  tem- 
peratures.  This  low  temperature  in  the  present  case 
is  5  degrees  Kelvin.  When  the  ability  to  increase 
the  confinement  of  carriers  is  increased,  through 
the  use  of  higher  energy  barrier  layer  materials, 
then  the  tunable  laser  30  can  be  operated  at  higher 
temperatures. 

Fig.  7  illustrates  the  preferred  embodiment  of 
the  present  invention.  This  embodiment  supplies 
the  conduction  states  of  the  quantum  well  with 
electrons  in  a  different  manner  than  the  embodi- 
ment  of  Fig.  1.  The  embodiment  of  Fig.  1  optically 
pumps  the  tunable  laser  30  by  using  a  pump  laser 
20  to  supply  excited  carriers  to  the  quantum  wells. 
The  embodiment  of  figure  7  electrically  pumps  the 
tunable  laser  by  electrically  supplying  carriers  to 
the  quantum  well.  The  tunable  semiconductor  laser 
30  illustrated  in  Fig.  7  is  a  multilayer  structure 

having  an  active  region  120  interposed  between 
first  cladding  layers  110  and  130.  First  cladding 
layer  115  is  interposed  between  the  active  region 
120  and  a  second  cladding  layer  110.  First  clad- 

5  ding  layer  130  is  interposed  between  the  active 
region  120  and  a  second  cladding  layer  135.  Sec- 
ond  cladding  layers  110  and  135  are  adjacent 
contact  layers  32  and  36  respectively.  The  active 
region  120  comprises  at  least  one  pair  of  coupled 

io  quantum  wells  formed  by  interposing  a  barrier  lay- 
er  between  two  quantum  well  layers  in  which  the 
barrier  layer  has  a  thickness  range  of  between 
ranges  of  between  a  monolayer  and  3.5  nm  and 
the  quantum  well  layers  range  from  2  to  6  nm  in 

is  thickness.  The  active  region  may  have  more  than 
one  pair  of  coupled  quantum  wells  wherein  each 
pair  of  quantum  wells  is  separated  by  at  least 
approximately  10  nm.  The  quantum  well  layers  are 
undoped  GaAs  layers  and  the  barrier  layer  is  a 

20  layer  of  AlxGai-xAs  wherein  x  is  approximately  .23. 
The  first  cladding  layers  110  and  130  are  also 
layers  of  AlxGai-xAs,  however,  x  increases  in  a 
piecewise  linear  fashion,  as  a  function  of  distance 
away  from  the  active  layer,  from  approximately  .23 

25  to  approximately  .63.  The  second  cladding  layers 
115  and  135  are  AlxGai-xAs  layers  in  which  x  is 
approximately  .63.  The  preferred  embodiment  dif- 
fers  in  the  structure  of  the  cladding  layers  from  the 
embodiment  shown  in  Fig.  1  because  the  first  and 

30  second  cladding  layers  are  undoped  layers.  The 
contact  layer  32  adjacent  the  second  cladding  layer 
115  is  doped  p-type  to  a  concentration  of  approxi- 
mately  5  x  1018/cm3.  Also,  the  contact  layer  36 
adjacent  the  second  cladding  layer  135  is  doped  n- 

35  type  to  a  concentration  of  approximately  2  x 
1018/cm3. 

The  preferred  embodiment  of  the  laser  30 
shown  in  Fig.  7  has  reflective  facets  37  and  38. 
These  reflective  facets  can  be  formed  by  cleaving 

40  or  by  etching.  A  subsequent  coating  of  a  reflective 
material  can  be  added  to  the  cleaved  (or  etched) 
surfaces  to  reduce  the  lasing  threshold.  The  reflec- 
tive  facets  are  perpendicular  with  respect  to  the 
plane  in  which  the  active  layer  120  is  formed  and 

45  the  facets  37  and  38  form  a  longitudinal  cavity  with 
the  active  layer.  The  longitudinal  cavity  has  a  lon- 
gitudinal  axis  which  is  parallel  to  the  plane  of  the 
active  layer  120  and  perpendicular  to  facets  37  and 
38.  The  horizontal  dimensions  of  the  longitudinal 

50  cavity  are  formed  by  diffusion  regions  170  and  175. 
Diffusion  170  is  a  p-type  diffusion  which  contacts 
one  horizontal  end  of  the  longitudinal  cavity.  Diffu- 
sion  170  has  a  concentration  of  approximately  5  x 
1018/cm3.  Diffusion  175  is  an  n-type  diffusion  which 

55  contacts  the  second  horizontal  end  of  the  longitudi- 
nal  cavity  and  which  has  a  doping  concentration  of 
approximately  2  x  1018/cm3.  Diffusions  regions  170 
and  175  must  contact  all  the  layers  of  the  active 
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region  120.  Diffusions  170  and  175  are  also  phys- 
ically  isolated  from  contact  layers  32  and  36  so  as 
to  not  create  a  diode  or  short  between  the  contact 
layers  and  the  diffusions.  The  intrinsic  cladding 
layer  110  is  etched  vertically  to  separate  the  diffu- 
sion  regions  170  and  175  from  the  contact  layer 
32.  The  intrinsic  layer  135  separates  the  contact 
layer  36  from  the  diffusion  regions  170  and  175. 

The  preferred  embodiment  operates  by  apply- 
ing  a  voltage  source  V2  to  contact  layer  32,  ground 
7  to  contact  layer  36,  a  positive  voltage  source  V3 
to  diffusion  170,  and  a  negative  voltage  source  V4 
to  diffusion  175.  The  voltage  V2  with  respect  to 
ground  7  is  used  to  modify  the  electric  field  across 
the  active  region  120  of  the  vertical  p-i-n  structure. 
The  vertical  p-i-n  structure  has  a  built  in  field  due 
to  the  doping  of  contact  layers  32  and  36.  The  V2 
voltage  is  swept  between  a  negative  voltage  and 
the  flatband  voltage  of  the  p-i-n  structure  to  modify 
the  wavelength  of  light  emitted  from  the  active 
region  120.  The  flatband  voltage  of  this  structure  is 
approximately  1.5  volts  at  room  temperature.  Light 
is  emitted  from  the  active  region  120  because 
carriers  are  supplied  to  the  conduction  and  valence 
states  of  the  quantum  wells  due  to  the  forward 
biasing  of  the  horizontal  p-i-n  structure  formed  by 
diffusion  170,  the  active  region  120,  and  diffusion 
175.  Voltage  V3  is  positive  enough  with  respect  to 
voltage  V4  such  that  the  horizontal  p-i-n  structure  is 
forward  biased  but  below  the  flatband  voltage  of 
diffusion  170  and  layer  36  to  avoid  leakage  current 
between  diffusion  170  and  layer  36.  In  this  struc- 
ture  V3  must  be  approximately  1.5  volts  more 
positive  than  V4. 

A  further  modification  of  the  preferred  embodi- 
ment  of  the  present  invention  is  a  structure  having 
no  cap  layer.  In  particular,  the  p-type  cap  layer  is 
replaced  by  a  metal  layer  such  as  gold  or  nickel. 
This  metal  layer  produces  a  Schottky-barrier  con- 
tact  which  applies  the  electric  field  to  the  active 
region  120.  In  this  embodiment,  cladding  layers 
110  and  115  as  well  as  layers  130  and  135  are 
undoped  layers  which  still  have  a  varying  alu- 
minum  content.  In  general,  electrical  pumping  of 
the  vertical  coupled  quantum  well  structure  by  the 
horizontal  p-i-n  structure  forms  a  compact  tunable 
semiconductor  laser  30  which  is  useful  for  many 
applications  because  of  its  simple  structure  and 
operation. 

Fig.  8  illustrates  still  another  embodiment  of 
the  present  invention.  Fig.  8  illustrates  two  semi- 
conductor  lasers  having  a  common  doped  contact 
region  36.  Region  36  is  doped  to  a  concentration  of 
approximately  2  x  1018/cm3.  A  pump  laser  20  in- 
jects  light  40  directly  into  the  active  region  120  of 
the  tunable  laser  30.  The  physical  structure  of  the 
pump  laser  20  is  identical  to  the  structure  of  the 
tunable  laser  30.  The  active  regions  in  both  lasers 

comprise  at  least  one  pair  of  coupled  quantum 
wells  in  which  the  barrier  layer  has  a  thickness  of 
between  a  monolayer  and  3.5  nm,  and  the  quan- 
tum  wells  are  between  2  and  6  nm.  The  active 

5  region  is  interposed  between  two  sets  of  cladding 
layers.  The  first  cladding  layers  115  and  130  are 
doped  layers  of  A^Ga^As  wherein  x  varies  in  a 
piecewise  linear  fashion,  as  a  function  of  distance 
away  from  the  active  layer,  from  approximately  .23 

io  to  .63.  The  second  cladding  layers  110  and  135 
are  also  A^Ga^As  layers  wherein  x  is  approxi- 
mately  .63.  The  cladding  layer  110  is  doped  p-type 
to  a  concentration  of  approximately  1018/cm3.  The 
cladding  layer  115  is  doped  p-type  to  a  concentra- 

15  tion  of  approximately  5  x  1017/cm3.  The  cladding 
130  is  doped  n-type  to  a  concentration  of  approxi- 
mately  5  x  1017/cm3  and  cladding  layer  135  is 
doped  n-type  to  a  concentration  of  approximately 
1018/cm3. 

20  Although  the  physical  structure  of  the  pump 
laser  20  is  the  same  as  the  tunable  laser  30,  the 
operating  conditions  of  the  pump  laser  is  not  the 
same  as  the  tunable  laser  30.  The  operation  of  the 
pump  laser  20  does  not  take  advantage  of  the 

25  tunability  provided  by  the  coupled  quantum  well 
effects.  It  is  not  necessary  that  the  two  laser  struc- 
tures  be  the  same,  however  inclusion  of  the  coup- 
led  quantum  wells  does  not  impede  the  operation 
of  the  pump  laser  in  a  conventional  mode.  As  a 

30  result,  for  ease  of  fabrication  of  the  devices  on  the 
same  substrate,  the  structure  of  the  two  devices  is 
the  same.  The  pump  laser  20  operates  in  the 
conventional  mode  wherein  the  voltage  V1  applied 
to  the  contact  region  32  is  positive  enough  with 

35  respect  to  the  ground  potential  connected  to  the 
common  contact  region  36,  that  the  resulting  p-i-n 
structure  is  forward  biased.  When  the  p-i-n  struc- 
ture  is  forward  biased  current  flows  from  the  volt- 
age  source  to  ground,  supplying  carriers  to  the 

40  active  region  120.  Carriers  in  the  active  region 
quantum  wells  recombine  and  emit  light  40.  The 
wavelength  of  light  40  is  not  modulated  by  the 
voltage  V1  because,  when  the  p-i-n  structure  is 
forward  biased,  there  is  only  a  very  small  electric 

45  field  across  the  active  region  which  is  not  sufficient 
to  modulate  the  wavelength  of  the  emitted  light. 

The  pump  laser  20  excites  carriers  from  the 
valence  states  to  the  conduction  states  of  the  quan- 
tum  wells  in  the  tunable  laser  30  by  transmitting 

50  light  40  into  the  active  region  120  of  the  tunable 
laser  30.  The  excited  carriers  in  laser  30  recombine 
and  emit  light  50.  The  wavelength  of  the  light  50  is 
modulated  by  voltage  V2.  Voltage  V2  sweeps  be- 
tween  a  negative  voltage  and  the  flatband  voltage 

55  of  the  structure  to  modulate  the  electric  field  across 
the  active  region  120.  The  flatband  voltage  of  this 
structure  is  1.5  volts.  The  built  in  electric  field  is 
sufficient  to  shift  the  wavelength  of  emitted  light  7 
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nm  over  approximately  a  1  .5  volt  change  in  V2  for 
this  structure.  When  voltage  V2  becomes  signifi- 
cantly  negative  with  respect  to  ground,  the  change 
in  wavelength  has  saturated  due  to  the  resulting 
dipole  set  up  by  the  changes  in  the  carrier  distribu- 
tion  function.  When  voltage  V2  is  greater  than  1.5, 
so  that  the  p-i-n  structure  is  forward  biased,  then 
the  electric  field  is  too  small  to  modulate  the 
wavelength  of  the  emitted  device. 

While  the  invention  has  been  described  and 
illustrated  with  respect  to  plural  embodiments 
thereof,  it  will  be  understood  by  those  skilled  in  the 
art  that  various  changes  in  the  detail  may  be  made 
therein  without  departing  from  the  spirit,  scope,  and 
teaching  of  the  invention.  Specifically,  different  ma- 
terials  may  be  substituted  for  the  AIGaAs  system  to 
form  the  quantum  wells,  barrier  layers,  and  clad- 
ding  layers.  Also,  the  invention  contemplates  op- 
eration  of  the  device  at  higher  temperatures,  in- 
cluding  room  temperature. 

Claims 

1.  A  semiconductor  laser  (30)  for  producing  light, 
comprising: 
an  active  region  (120)  consisting  of  two  quan- 
tum  well  layers  (122,  126)  forming  two  quan- 
tum  wells,  said  quantum  well  layers  (122,  126) 
having  a  thickness  of  less  than  approximately 
6  nm,  and 
a  barrier  layer  (124)  interposed  between  said 
quantum  well  layers  (122,  126),  said  barrier 
layer  (124)  having  a  thickness  of  less  than 
approximately  3.5  nm. 

2.  A  semiconductor  laser  (30),  as  in  claim  1, 
wherein: 
said  quantum  well  layers  (122,  126)  are  formed 
from  GaAs,  and 
said  barrier  layer  (124)  is  formed  from 
AlxGa^xAs,  wherein  x  ranges  from  approxi- 
mately  0  to  .63. 

3.  A  semiconductor  laser  (30),  as  in  any  of  the 
above  claims,  wherein: 
an  electric  field  acting  on  said  barrier  layer 
(124)  and  said  quantum  well  layers  (122,  126) 
tunes  the  wavelength  of  said  light  produced  by 
said  semiconductor  laser  (30). 

4.  A  semiconductor  laser  (30),  as  in  any  of  the 
above  claims,  further  comprising: 
an  n-type  (36)  and  a  p-type  (32)  contact  layer; 
said  active  region  (120)  interposed  between 
said  n-type  (36)  and  p-type  (32)  contact  layers; 
and 
a  voltage  source  (24)  for  supplying  voltage  to 
said  p-type  contact  layer  (32)  with  respect  to 

said  n-type  contact  layer  (36)  wherein  said 
voltage  source  (24)  ranges  between  a  negative 
voltage  and  a  flatband  voltage  of  said  semicon- 
ductor  laser  (30). 

5 
5.  A  semiconductor  laser  (30)  for  producing  light, 

comprising: 
a  plurality  of  coupled  quantum  well  regions 
(120),  each  of  said  plurality  of  coupled  quan- 

io  turn  well  regions  (120)  consisting  of  a  barrier 
layer  (124)  interposed  between  two  quantum 
well  layers  (122,  126); 
each  of  said  quantum  well  layers  (122,  126) 
having  a  thickness  of  less  than  approximately 

is  6  nm,  each  of  said  barrier  layers  (124)  having 
a  thickness  of  less  than  approximately  3.5  nm; 
and 
a  plurality  of  isolation  regions  (128),  each  of 
said  plurality  of  coupled  quantum  well  regions 

20  (120)  separated  from  an  adjacent  coupled 
quantum  well  region  (120)  by  at  least  one  of 
said  isolation  regions  (128)  having  a  thickness 
of  at  least  approximately  10  nm. 

25  6.  A  semiconductor  laser  (30),  as  in  claim  5, 
wherein: 
said  quantum  well  layers  (122,  126)  are  formed 
from  GaAs, 
said  barrier  layers  (124)  are  formed  from 

30  AlxGa^xAs,  wherein  x  ranges  from  approxi- 
mately  0  to  .63. 
said  isolation  regions  are  formed  from 
AlxGa^xAs,  wherein  x  ranges  from  approxi- 
mately  0  to  .63. 

35 
7.  A  semiconductor  laser  (30),  as  in  claims  5  or 

6,  wherein: 
an  electric  field  acting  on  said  plurality  of 
coupled  quantum  well  regions  (120)  tunes  the 

40  wavelength  of  said  light  produced  by  said 
semiconductor  laser  (30). 

8.  A  semiconductor  laser  (30),  as  in  any  of  claims 
5  -  7,  further  comprising: 

45  an  n-type  (36)  and  a  p-type  (32)  contact  layer; 
said  plurality  of  coupled  quantum  well  regions 
(120)  interposed  between  said  n-type  (36)  and 
p-type  (32)  contact  layers;  and 
a  voltage  source  (24)  for  supplying  voltage  to 

50  said  p-type  contact  layer  (32)  with  respect  to 
said  n-type  contact  layers  (36)  wherein  said 
voltage  source  (24)  ranges  between  a  negative 
voltage  and  a  flatband  voltage  of  said  semicon- 
ductor  laser  (30). 

55 
9.  A  method  for  modulating  light  wavelength, 

comprising: 
pumping  an  active  region  (120)  of  a  semicon- 
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ductor  laser  (30)  wherein  said  active  region 
(120)  comprises  two  quantum  well  layers  (122, 
126)  and  a  barrier  layer  (124),  said  quantum 
well  layers  (122,  126)  forming  two  quantum 
wells  having  a  thickness  of  less  than  approxi- 
mately  6  nm,  said  barrier  layer  (124)  separates 
said  quantum  wells  (122,  126)  by  less  than 
approximately  3.5  nm,  said  pumping  produces 
light  from  said  semiconductor  laser  (30)  having 
a  narrow  band  of  wavelengths;  and 
applying  a  voltage  (24)  to  said  semiconductor 
laser  (30)  wherein  said  voltage  (24)  varies  an 
electric  field  across  said  active  region  (120) 
which  tunes  said  narrow  band  of  wavelengths. 

10.  A  method  for  modulating  light  wavelength, 
comprising: 
pumping  an  active  region  (120)  of  a  semicon- 
ductor  laser  (30)  wherein  said  active  region 
(120)  comprises  at  least  two  coupled  quantum 
well  regions,  said  coupled  quantum  well  region 
comprises  two  quantum  well  layers  (122,  126) 
and  a  barrier  layer  (124),  said  quantum  well 
layers  (122,  126)  forming  a  quantum  well  hav- 
ing  a  thickness  of  less  than  approximately  6 
nm,  said  barrier  layer  (124)  separates  said 
quantum  wells  (122,  126)  by  less  than  approxi- 
mately  3.5  nm,  said  pumping  produces  light 
(50)  from  said  laser  having  a  narrow  band  of 
wavelengths;  and 
applying  a  voltage  (24)  to  said  semiconductor 
laser  (30)  wherein  said  voltage  (24)  varies  an 
electric  field  across  said  active  region  (120) 
which  tunes  said  narrow  band  of  wavelengths. 

11.  A  method  for  modulating  light  wavelength,  as 
in  claim  9  or  10,  wherein: 
said  pumping  step  comprises  generating  an 
incident  light  (40)  having  a  narrow  band  of 
wavelengths; 
focusing  said  incident  light  (40)  on  said  semi- 
conductor  laser  (30);  and 
transmitting  said  incident  light  (40)  to  said 
semiconductor  laser  (30). 

12.  A  method  for  modulating  light  wavelength,  as 
in  claim  9  or  10,  wherein: 
said  pumping  step  comprises  electrically  con- 
tacting  at  least  two  regions  (32,  36)  of  said 
active  region  (120);  and 
applying  a  voltage  (24)  to  said  two  contact 
regions  (32,  36)  wherein  said  applied  voltage 
(24)  induces  a  current  flow  between  said  con- 
tact  regions  (32,  36). 

13.  A  method  for  modulating  light  wavelength,  as 
in  claim  1  1  ,  wherein: 
said  pumping  step  further  comprises  focusing 

said  incident  light  (40)  directly  on  said  active 
region  (120)  of  said  laser  (30)  and  transmitting 
said  incident  light  (40)  directly  to  said  active 
region  (120). 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

11 



EP  0  549  853  A1 

F I G .   -I 

2 



:P  0  549  853  A1 

F I G .   3  

H5 

i  26 

122 

128 

126' 

122' 

130 

13 



EP  0  549  853  A1 

4 



EP  0  549  853  A1 

F I G .   5 a  

E  = 0  

MO  520  . 

L540 

o  
'  '  / 5 i 0  

u  h - 5 3 5 - ^   r \ A / * -  

555 



EP  0  549  853  A1 

F I G .   6  

M i ,  

* - > j J j j j j l j l J L - .  

^   I  I  I  I 
7 7 4   7 7 6   7 7 8   7 8 0   7 8 2  

W a v e l e n g t h   ( n m )  

16 



EP  0  549  853  A1 

F I G .   7   + v 2  

17 



European  Patent 
Office 

EUROPEAN  SEARCH  REPORT Application  Number 

EP  92  11  1699 
Page  1 

DOCUMENTS  CONSIDERED  TO  BE  RELEVANT 

Category Citation  of  document  with  indication,  where  appropriate, 
of  relevant  passages 

Relevant 
to  daim 

ur  it  if. APPLICATION  qnt.  Cl.S  ) 

Y 

Y 

FR-A-2  656  168  (THOMSON) 
21  June  1991 
*  descipt ion  * 
*  f igures  1-4  * 

\PPLIED  PHYSICS  LETTERS 
vol.  50,  no.  16,  20  April  1987,  NEW  YORK, 
JSA 
pages  1098  -  1100 
I.N.  ISLAM  ET  AL.  'E lec t roabsorp t ion   in 
jaAs/AlGaAs  Coupled  Quantum  Well 
rfaveguides' 
*  page  1098,  left   column,  line  1  -  page 
1099,  right  column,  line  41;  figures  1 ,2 ,4  

September  1988,  NEW 
PHYSICAL  REVIEW  B 
vol.  38,  no.  9,  15  September  1988,  NEW 
YORK,  USA 
pages  6287  -  6290 
S.  CHARB0NNEAU  ET  AL.  'Transformation  of  
Spa t ia l ly   Direct  to  Spat ia l ly   I n d i r e c t  
Excitons  in  Coupled  Doubled  quantum  Wells '  

*  the  whole  document  * 

US-A-4  700  353  (E.  VAN  GIES0N  ET  AL.) 
13  October  1983 
*  column  1,  line  55  -  column  2,  line  3  * 
*  column  4,  line  13  -  line  41  * 
*  column  6,  line  67  -  column  10,  line  39  * 
*  column  5,  line  3  -  line  36  * 
*  column  16,  line  23  -  line  35;  f i g u r e s  
8,15  * 

The  present  search  report  has  been  drawn  up  for  all  claims 

1-4, 
3-11,  13 

1-11,13 

5-11,13 

1-4,12 

1-4,12 

H01S3/103 
H01S3/19 
H01S3/094 

TECHNICAL  FIELDS 
SEARCHED  ant.  CI.  5  ) 

H01S 

Place  of  search 
THE  HAGUE 

Date  of  conplettoo  of  the  March 
25  FEBRUARY  1993 STANG  I .  

CATEGORY  OF  CITED  DOCUMENTS 
X  :  particularly  relevant  if  taken  alone Y  :  particularly  relevant  if  combined  with  another 

document  of  the  same  category A  :  technological  background O  :  non-written  disclosure 
P  :  intermediate  document 

T  :  theory  or  principle  underlying  the  invention E  :  earlier  patent  document,  but  published  on,  or after  the  filing  date 
D  :  document  cited  in  the  application L  :  document  dted  for  other  reasons 
A  :  member  of  the  same  patent  family,  corresponding document 



European  Patent 
Office 

EUROPEAN  SEARCH  REPORT Application  rxumoer 

EP  92  11  1699 
Page  2 

DOCUMENTS  CONSIDERED  TO  BE  RELEVAN1 

Category Citation  of  document  with  indication,  where  appropriate, 
of  relevant  passages 

Relevant 
to  claim APPLICATION  qnt.  CI.  5  ) 

PHYSICAL  REVIEW  LETTERS 
/ol.  64,  no.  25,  18  June  1990,  NEW  YORK, 
JSA 
Dages  3066  -  3069 
r.  FUKUZAWA  ET  AL.  'Phase  Transit ion  of  an 
Exciton  System  in  GaAs  Coupled  Quantum 
i /e l l s '  
*  page  3066,  right  column,  line  2  -  page 
$067,  right  column,  line  17;  figures  1,2  * 

-4,9,  10 

I  fcCHINlCAl.  rir.lJJS SEARCHED  flnt.  C1.5  ) 

Place  of  tearck  Date  of  coaarfetloa  of  tke  lean*  Exanlaer 
THE  HAGUE  25  FEBRUARY  1993  STANG  I .  

i  J  1  ■ 

The  present  search  report  has  been  drawn  up  for  all  claims 

CATEGORY  OF  CITED  DOCUMENTS 
X  :  particularly  relevant  if  taken  alone Y  :  particularly  relevant  if  combined  with  another 

document  of  the  same  category A  :  technological  background O  :  non-written  disclosure 
P  :  intermediate  document 

T  :  theory  or  principle  underlying  the  invention E  :  earlier  patent  document,  but  published  on,  or 
after  the  filing  date 

D  :  document  cited  in  the  application L  :  document  cited  for  other  reasons 
&  :  member  of  the  same  patent  family,  corresponding 

document 


	bibliography
	description
	claims
	drawings
	search report

